Following a 1986 decision by Montgomery County in Maryland to construct a municipal waste resource recovery facility near the town of Dickerson, the local conununity expressed concern regarding the potential human health effects from air emissions of dioxins and trace metals released through the stack of the proposed facility. To address this concern, the County conducted health risk studies and ambient monitoring programs before and after the facility became operational. The purpose of the health risk studies was to determine potential cancer and non-cancer risks to the nearby residents from the operations of the facility. The purpose of the ambient monitoring programs was to determine if any changes would occur in the ambient levels of certain target chemicals in the environmental media, and if such changes can be attributed to the operations of the facility.
Accordingly, the County conducted a multiple pathway health risk assessment in 1989 prior to the construction of the facility. The pre-operational health risk assessment was based on estimated stack engineering parameters and available stack emissions data from municipal waste resource recovery facilities that were operating in the United States, Canada and Europe during the 1980's. The health risk assessment used established procedures that were accepted by the U.S. Environmental Protection Agency (U.S. EPA) and many state agencies at that time. The Montgomery County Resource Recovery Facility (RRF) became operational in the spring of 1995.
The facility is equipped with the state-of-the-art air pollution control (APC) equipment including a dry scrubber-fabric filter baghouse system to control organics and trace metals, anunonia injection 23 system to control nitrogen oxides, and activated carbon injection system to control mercury. In 2003, the County retained ENSR International to update the 1989 health risk assessment study. In the 2003 operational-phase update, as-built engineering data and measured stack emissions data from a total of eighteen quarterly stack emissions tests were used. The study was conducted in accordance with the U.S. EPA's Human Health Risk Assessment Protocol for Hazardous Waste Combustion Facilities published in 1998 [1] , and an Errata, published in 1999 [2] . Both the 1989 study and the 2003 study demonstrated that there is a very low chance (less than one chance in a million) for occurrence of cancer and no adverse non-cancer health effects to the nearby conununity as a result of exposure to facility-related emissions.
The multi-media ambient monitoring programs were conducted in abiotic and biotic environmental media. These programs included an air-monitoring component and a non-air monitoring component. The pre-operational phase of the air media and non-air media monitoring was conducted in 1994-1995. The pre-operational program was designed to produce baseline data for target chemicals in both air and non-air media. The operational-phase air media monitoring was conducted in 1997 and 2003. The operational-phase non-air media monitoring was conducted in 1997 and 2001. Target chemicals monitored in both air and non-air media included polychlorinated dioxins and furans (PCDDsIPCDFs) and selected toxic metals (arsenic, beryllium, cadmium, chromium, lead, mercury, and nickel). The non-air media included crops, farm pond surface water and fish tissue, and cow's milk. The ambient levels of target chemicals monitored in the operational phase of the facility
INTRODUCTION
In 1989, the County retained Roy F. Weston to conduct a multiple pathway health risk assessment for a solid waste resource recovery facility to be constructed near Dickerson Maryland [3] . The 1989 health risk assessment was based on a review of the literature on engineering (stack design) and emissions data for resource recovery facilities in the United States, Canada and Europe that were operating during the 1980's. The study also incorporated one year of onsite meteorological data collected from the Dickerson generating station of the Potomac Electric Power Company (PEPCO) which is located within half a mile northwest of the RRF. The health risk assessment focused on pollutants for which there were no established air quality standards, but for which there was a body of evidence that indicated potential effects on human health. The health risk assessment used established procedures that were accepted by the U.S. EPA and many state agencies at that time.
The County's RRF became operational in the spring of 1995. After seven years of operation, the County retained ENSR International to conduct an update of the 1989 study with measured stack emissions data from eighteen quarterly stack emissions tests conducted for the facility since 1995. The updated health risk assessment for the County facility utilized as-built stack engineering parameters, measured stack emission rates, recent onsite meteorological data, and updated air quality dispersion modeling methods recommended by the U.S. EPA [4] .
The multimedia ambient monitoring programs were conducted in air media and non-air media prior to the operation of the facility and during the 24 operation of the facility. The objective of these sampling programs was to gather ambient data for emission constituents which may directly affect human health. The pre-operational programs were designed to produce baseline data for target chemicals in both air and non-air media.
The pre-operational phase of the air monitoring was conducted between February 1994 and February 1995 [5, 6] . Subsequent to the facility becoming operational, operational phase air media monitoring programs were conducted from February 1996 to August 1997 [5, 6] [7] . The pre-operational phase of the non-air monitoring was conducted between May 1994 and April 1995 [8, 9] . The operational phase non-air media monitoring programs were conducted between 1996 and 1998 [8, 9] , and November 2001 [10] . The pre-operational phase (1994-95) and fi rst operational phase (1996-98) programs were conducted by Roy F. Weston and the second operational phase programs (2001-03) were conducted by ENSR International.
DESCRIPTION OF THE SITE AND THE FACILITY
The County's RRF is located approximately two miles southwest of the Town of Dickerson in Montgomery County, Maryland on a tract of land contiguous to the coal-fired electric power generating station that was owned by the Potomac Electric Power Company (PEPCO). Currently, the PEPCO facility is owned by Mirant Corporation. The area surrounding the facility is rural. Within a IS-mile radius of the RRF, the majority of the area is used for a mix of residential and agricultural purposes. The remaining area is woodland with some open land and scattered small towns and residential housing. A few residences are located within two miles of the facility. Three townships (Beallsville, Barnesville, and Dickerson) are located within five miles of the RRF. Several recreational areas are located within ten miles of the facility. These include the Chesapeake and Ohio Canal National Park, the Dickerson Regional Park, the Monocacy Natural Area, and Sugarloaf Mountain. The Potomac River, located west of the facility, is also used for recreational activities. There are several farm ponds within 3 miles of the facility where farmers are known to do recreational fishing.
The RRF consists of three units, each unit designed to combust 600 tons of solid waste per day and generate approximately 20 megawatts of electricity (see Fig. 1 ). Each unit has a separate flue and is equipped with the state-of-the art air pollution control (APC) equipment. The APC equipment consists of a dry scrubber and fabric filter baghouse for controlling acid gases, particulates and organics, direct lime injection into the furnace for additional acid gas control, ammonia injection at the top of the furnace for nitrogen oxide control and activated carbon injection at the scrubber inlet for mercury control. In addition, the combustion residue is treated with dolomitic lime for minimizing leaching of metals from the residue.
METHODOLGY Multiple Pathway Health Risk Assessment
The methodology for health risk assessment consists of selecting chemical compounds that are of potential concern from a public health perspective, conducting air dispersion /deposition modeling of these compounds to determine their ground-level mass concentrations, conducting exposure and toxicity assessments of these compounds, characterizing the health risk from each of these compounds and finally estimating the total health risk to individuals who may be exposed to these compounds.
Air Dispersion and Deposition Modeling
A total of nineteen (19) compounds of potential concern (COPCs) including PCDDs and PCDFs, Poly-Chlorinated BiPhenyls (PCBs), Poly Aromatic Hydrocarbons (PAHs) and several other carcinogenic and non-carcinogenic metals were selected for evaluation in this health risk assessment update. The selection of these 19 COPCs was based on the following criteria: these COPCs are a significant fraction of emissions from the facility and have the potential to pose health risks to people. All COPC emissions data were compiled from 18 stack tests conducted since the startup of the facility in 1995. The measured emission rates are expected to be representative of maximum-load operating conditions of the RRF.
These COPCs and their emission rates are shown in Table 1 .
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The Industrial Source Complex Short-Term, Version 3 (ISCST3), model was used for air dispersion and deposition modeling in accordance with U.S. EPA guidance. One year of onsite meteorological data (1995) from a 10-meter tower adjacent to the RRF at the Yard Trim Composting Facility (yTCF) was used in the application of ISCST3. The results of the air dispersion modeling were used to evaluate potential human exposures via inhalation. Deposition modeling results were used to estimate the magnitude of deposition onto water, soil and vegetation surfaces. This information was used to evaluate potential human exposure via direct (inhalation of air) and indirect (ingestion of soil, vegetables, dairy products, beef products, chicken, eggs, or fish) pathways.
Exposure and Toxicity Assessment
The potential human exposures evaluated in this update are: inhalation of particulate and vapor in air; incidental ingestion of soil; ingestion of vegetables from a backyard garden; consumption of milk, beef, pork, chicken and eggs from farms in the area; and ingestion of fish from the Potomac River. In addition, recreational fishing from several local ponds was also evaluated. Both children and adults were evaluated for potential exposure to facility-related COPC via all potential exposure pathways.
Two Maximally Exposed Individual (MEl) scenarios (Scenarios A and B) were evaluated both in the 1989 Weston study as well as 2003 ENSR update. Under Scenario A, the MEl local resident was evaluated at the location of the maximum air concentration and maximum dry deposition of the RRF exhaust plume. Under Scenario B, the MEl local resident was evaluated at the location of maximum total deposition (dry + wet) and secondary maximum air concentration. In addition, several other potential scenarios were evaluated including residents near farm ponds closest to the facility (see Fig. 2 ). Residents near these ponds were assumed to be exposed to facility's COPC emissions through inhalation exposures; consumption of agricultural products (above and below ground vegetables) raised in a backyard garden; consumption of fish caught from the pond; and incidental ingestion of soil.
For each exposure scenario, toxicity assessment was conducted to determine the relationship between the magnitude of exposure (dose) for each COPC, and the occurrence of specific health effects for a receptor (response).
Risk Characterization
The results of the exposure assessment and toxicity assessment were combined in risk calculation equations to estimate potential risk to human health [1] . The potential risk to human health is a calculation of the chance of carcinogenic or noncarcinogenic adverse health effects occurring in humans for each scenario.
The predicted potential for adverse carcinogenic health effects is referred to as the Excess Lifetime Cancer Risk (ELCR). The ELCR can be compared to u.s. EPA's target risk limit of 10 chances in 1,000,000 for combustion facilities [1] . The predicted potential for adverse noncarcinogenic health effects is referred to as the Hazard Index (HI), and is a ratio of the predicted intake of the compound and the tolerable dose of that compound. For most regulatory programs such as Superfund and Resource Conservation and Recovery Act (RCRA) Corrective Action risk assessments, the target HI is 1.0. When risk characterization results for all COPC are below or equal to the U.S. EPA's acceptable cancer risk limit and noncarcinogenic HI, no further analysis is presumed to be necessary.
Multimedia Ambient Monitoring Programs

Air Media Sampling Program
The air media sampling program was designed to measure a selected set of organic chemicals and metals generally associated with particulate and gaseous emissions from the combustion of municipal solid waste. The sampling and analytical methods are based on u.S. EPA's guidelines. In the pre-operational phase (1 994-95) and first operational phase (1996-97) monitoring programs, stationary monitoring stations were erected at five sites. Among them are: Beallsville, MD (approximately 4.5 kilometers to the southeast of the RRF) in an area of peak modeled ground level air concentrations ("impact" site) and Lucketts, VA (approximately 6.8 kilometers to the northwest of the RRF) where facility impacts were predicted to be insignificant (" upwindlbackground" site). In addition, two sites were selected in population centers within five miles of the facility. These are Poolesville High School southeast of the facility and Monocacy
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Elementary School northeast of the facility. An urban background site was also selected at a fire station in Burtonsville, which is approximately 25 miles east of the facility. Stationary monitoring stations were also erected at these three sites. Figure 3 shows the locations of these sites with respect to the predicted maximum air concentrations as determined by air quality dispersion models. In the second operational phase monitoring program, sampling was conducted at only two sites. These are Beallsville (maximum Impact Site) and Lucketts (Background Site).
Because the Beallsville site is representative of RRF "maximum impact", air concentrations at this site could reflect a contribution from RRF air emissions based on dispersion modeling and wind patterns. Air samples collected at the other sites could provide representative "background" data for the area.
Analyses of the air samples from the monitoring sites were conducted for those potential emissions of most concern for human health risk, including PCDDsIPCDFs, and selected toxic metals (arsenic, beryllium, cadmium, chromium, lead, mercury, and nickel). Data from the second operational phase (2002-03) of the program are used in conjunction with the pre-operational phase (1994-95) and first post operational phase (1996-97) sampling programs to determine whether the operation of the RRF has a measurable impact upon the ambient air quality in the area.
Non-air Media Sampling Program
The pre-operational phase (1994-95) sampling program was conducted over a period of twelve months before the facility was operational. The first operational phase sampling program was conducted over a period of eighteen months (1997-98) after full operations commenced, and again in November 2001, approximately six years after the RRF became operational. In the pre-operational (1994-95) and first operational phase (1996-98) sampling programs several sites were sampled that included five farm ponds. These sites are shown in Figure 4 .. In the second operational phase sampling (2001), only two sites were sampled that included only two farm ponds. Media evaluated include vegetation, cow's milk, pond waters, and fish. Chemicals monitored included PCDDslPCDFs and selected toxic metals (arsenic, beryllium, cadmium, chromium, lead, mercury, and nickel).
The purpose of these programs is to compare 2001 operational-phase data relative to earlier 1994-95 pre-operational and 1996-98 operational-phase sampling events for the chemicals in non-air samples to determine whether evidence exists that facility operations made a difference in the levels of any of these chemicals in the terrestrial or aquatic environment.
RESULTS AND DISCUSSION
Health Risk Assessment
Potential Carcinogenic Risk
As can be seen in Table 2 , the total ELCR for the worst case MEl scenario (Scenario B adult resident) is predicted to be 0.4 chances in 1,000,000 in the 2003 ENSR update. In the 1989 Weston health risk study, the total ELCR for the same scenario was predicted to be 0.9 chances in 1,000,000. Thus, the ELCR in the 2003 update is less than half that predicted in the 1989 assessment. The lower value in the 2003 update is due to the use of actual stack emission data collected since the RRF became operational. The estimated emission rates used in the 1989 health risk assessment were higher than the measured emission rates used in this update.
In all cases summarized in Table 2 , potential indirect exposure to PCDD and PCDF emissions is evaluated as total Tetra-Chloro Dibenzo Dioxins Toxic Equivalents (TCDD-TEQs), which represents the greatest portion of predicted carcinogenic health risk.
The total ELCR for the adult subsistence farmer and the closest resident farmer (Resident Farm 02) is predicted to be 0.7 chances in 1,000,000. The total ELCR for the adult subsistence fisher is predicted to be 0.3 chances in 1,000,000; and the total ELCR for the adult recreational pond fisher (Pond 3) is predicted to be 0.06 chances in 1,000,000.
All predicted ELCR in the 2003 update are below the U.S. EPA's target risk limit for combustion facilities of 10 chances in 1,000,000. This indicates a very low likelihood that potential 27 carcinogenic health effects would occur under the range of exposure scenarios evaluated in this update of the health risk assessment.
Potential Non-cancer Hazard
As can be seen in Table 3 , a non-carcinogenic hazard index (HI) of 0.03 is predicted for the worst case MEl scenario (Scenario B child resident) in both the 2003 update as well as the 1989 health risk assessment.
Because the actual COPC emissions from the RRF are lower than the COPC emissions assumed in the 1989 study, use of actual emission rate data in this update would lead one to expect that the predicted HI in this update would be lower than originally predicted in the 1989 study. However, substantial changes in the science underlying the prediction of exposure to mercury via ingestion of fish accounts for more than 90% of the predicted HI for the Scenario B child resident evaluated in this update. Potential exposure to mercury through all pathways other than consumption of fish (i.e., ingestion of soil, ingestion of backyard produce, and inhalation of vapors and particles) results in a predicted HI of 0.002 for the Scenario B child resident evaluated in this update. This is nearly a factor of 10 lower than the 1989 HI predicted for potential exposure of the Scenario B child resident to mercury in soil alone. As can be seen in Table 3 , a HI of 0.002 is predicted for the child subsistence farmer, an HI of 0.38 is predicted for the adult subsistence fisher, and an HI of 1.04 is predicted for a child consuming fish from a local pond. These results are generally within or below the range of target HI identified by the EPA for general risk assessment (1.0).
These results of the updated noncarcinogenic risk assessment indicate that no adverse noncarcinogenic health effects are expected under the range of exposure scenarios evaluated in this update of the health risk assessment. Figure 5 presents PCDDslPCDFs results from all three ambient air monitoring campaigns conducted to date in the vicinity of the RRF. As Figure 5 shows, the TEQs have fallen with each consecutive monitoring campaign, with pre-construction results showing higher TEQ values than those reported in either post-operational monitoring campaign. This decreasing trend in ambient PCDDslPCDFs is consistent with open literature which has described a similar downward trend in PCDDslPCDFs levels at various locations around the world. Figure 5 also shows that the measured concentrations of PCDDslPCDFs at the Beallsville impact site are higher compared to the Lucketts background site for all three programs. This indicates that the local conditions that contribute to higher PCDDslPCDFs concentrations at Beallsville compared to Lucketts is consistent for all programs and existed prior to the construction of the RRF. Figure 6 presents metals data from all three programs conducted to date including the pre construction phase, first post-operational phase, and the second operational phase. Based on review of Figure 6 , there are no obvious patterns or trends between pre-and post-operational monitoring. The data indicate that in general, concentrations measured during the second operational phase are similar to data measured during the first operational and pre-operational phases. Note that the lower beryllium concentrations reported in the data collected during the second operational phase are due to lower detection limits. Beryllium has never been detected during any of the air measurement programs and detection limits were much higher in the previous programs. Metals in hay, with the exception of chromium, were lower in 2001 samples than in previous samples. TCDD TEQ in hay and milk were consistent with past concentrations, and lower than the background concentration.
Ambient Air Monitoring
CONCLUSIONS
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Health Risk Assessment
The results obtained in the 2003 update indicate that the relative risk of harm to human health presented by the RRF, as is operating today, is very low. In fact, the health risks predicted in the 2003 update are lower than or consistent with the health risks predicted in the 1989 Weston study. The updated results indicate a very low chance (less than 1 chance in 1 million) for occurrence of potential carcinogenic health effects, and that no adverse noncarcinogenic health effects are expected as a result of exposure to facility related emissions.
A review of the accumulated stack emissions data will be conducted periodically (Once in 10 years) to determine any significant changes in the emissions of PC DDs, PCDFs and trace metals addressed in this study. If significant changes occur either in the stack emissions of organics and metals addressed in this study or EPA's protocol for conducting health risk assessments, an update to this study may be warranted.
Ambient Air Monitoring
The program results indicate that the ambient air contains background levels of the target metals and PCDDsIPCDFs. The PCDDslPCDFs detected are typical of numerous combustion sources, including the coal-fired electric power generation, home wood burning and vehicle emissions. The levels of PCDDslPCDFs show a decreasing trend over time, with pre-construction PCDDslPCDFs levels exceeding those measured during two post operational monitoring campaigns. In addition, relative PCDDslPCDFs levels between the impact and background site were consistent with those reported during pre-construction monitoring and first operational phase monitoring.
Because the facility is equipped with state-of-the art air pollution control equipment, air emissions are extremely low and therefore, the modeling results indicate that incremental changes in the air media for most chemicals are several orders of magnitude below the background levels (Tab. 5). Any changes in concentration of these metals or dioxins/furans from the RRF at the levels predicted by the modeling would be within the normal variability of the sampling and analysis methods available, and therefore, not detectable. Therefore, Copyright © 2004 by ASME periodic ambient monitoring (once in l0 years) is recommended to track any significant changes in the emissions of PC DDs, PCDFs and trace metals from the facility.
Ambient Non-air Monitoring
The program results indicate no evidence of facility impact upon the presence or concentration of chemicals in the various sample types. The media evaluated in the program contain various metals and organic compounds as part of their native composition and from numerous anthropogenic sources. Anthropogenic sources include municipal waste combustion facilities, the coal-fired electric power generating station, home wood burning and vehicle emissions. Therefore, periodic ambient monitoring (once inl0 years) is recommended to track any significant changes in the emissions of PCDDs, PCDFs and trace metals from the facility. 
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